Introduction
============

The pathophysiology of depressive disorders is complex and not adequately understood. At present, there is substantial evidence implicating neurogenic processes and neurotrophic regulation in key limbic structures of the depressive brain.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ The timeframe for the therapeutic effects of antidepressants, particularly selective serotonin reuptake inhibitors, coincides with that required for the maturation of nascent granule cells in the dentate gyrus.^[@bib1],\ [@bib4],\ [@bib5]^ Disrupting neurogenesis (for example, via irradiation) blocks the behavioural effects of serotonin reuptake inhibitors in animal models.^[@bib1],\ [@bib3]^ In addition to hippocampal neurogenesis, antidepressants upregulate brain-derived neurotrophic factor (BDNF) in various brain regions.^[@bib2],\ [@bib6]^

In the clinic, subgenual cingulate region deep brain stimulation (DBS) is being investigated for the treatment of depression.^[@bib7],\ [@bib8],\ [@bib9]^ In a series of preclinical studies, we found that DBS delivered to the rodent homologue of the human subgenual cingulate region (that is, the ventromedial prefrontal cortex (vmPFC)) induces antidepressant- and anti-anhedonic-like responses.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ The therapeutic mechanisms of this effect appear to be complex. At commonly used stimulation parameters (for example, high frequencies in the order of 100 Hz), DBS has been shown to induce a functional inhibition of neuronal populations while exciting axons and fibre pathways near the target.^[@bib15],\ [@bib16],\ [@bib17]^ Through the latter, vmPFC stimulation has been suggested to increase serotonin and BDNF levels at a distance from the target. Recent studies in rodents have shown that stimulation of limbic structures (for example, the entorhinal cortex and the anterior thalamic nucleus)^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ and the nucleus accumbens increases hippocampal neurogenesis.^[@bib22]^ To date, the effects of vmPFC DBS on neurogenesis have only been addressed in the context of memory.^[@bib23]^

The objective of the present study was to determine the role hippocampal neurogenesis on the antidepressant-, antianhedonic- and antianxiety-like effects of vmPFC stimulation. We were particularly interested in distinguishing neurogenesis-dependent and -independent DBS effects. To address this question, animals exposed to chronic unpredictable mild stress (CUS) received chronic vmPFC stimulation, followed by a battery of behavioural tests to measure depressive- and anxiety-like behaviour. Similar experiments were conducted in animals given temozolomide (TMZ), a chemotherapeutic agent known to block hippocampal neurogenesis.^[@bib24]^ A second point-of-interest was to examine the role of BDNF on the effects of DBS.

Materials and methods
=====================

Procedures were approved by the Animal Care committee of the Centre for Addiction and Mental Health. Male Fisher rats (200 g) were used in all experiments. Animals were housed in a normal light/dark cycle and tested during the day. The timeline of our experiments is summarised in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}.

SPT and CUS
-----------

One week after arrival in the animal facility, rats were subjected for 3 days to a 1 h per day exposure to a 1% sucrose solution. This was followed by 22--23 h of water deprivation and food restriction (30 g per animal). Animals were then allowed to choose between sucrose and plain water bottles for 1 h. The sucrose preference index (SPI=sucrose intake/total fluid intake × 100) was calculated weekly and taken as a measurement of a hedonic-like state. Based on SPI scores, animals were paired and assigned to non-stressed or stressed groups. The latter was exposed to CUS until anhedonia-like responses (for example, reduction in SPI) were overtly stable (\~4 weeks). Details of the stress regimen are provided in [Supplementary Table 1.](#sup1){ref-type="supplementary-material"}^[@bib25]^

Surgical procedures and electrical stimulation
----------------------------------------------

After the fourth week of CUS (week 5 after baseline measurements), animals were anaesthetised with isoflurane and bilaterally implanted with insulated stainless-steel electrodes into the vmPFC (cathodes; AP+3.0, L±0.4, and V5.6 mm).^[@bib26]^ Anodes were electrodes wrapped around screws implanted over the sensorimotor cortex.^[@bib12]^ Controls had holes drilled into the skull but were not implanted with electrodes.^[@bib12]^ DBS was conducted for 3 consecutive weeks (MTS stimulator; St Jude Medical, Plano, TX, USA) from the week after electrode implantation. The following settings were used: 100 μA, 130 Hz, 90 μs, 8 h per day, 7 days per week.^[@bib12]^

BrdU and TMZ
------------

BrdU (5-bromo-2′-deoxyuridine; Sigma) was injected from stimulation days 7--10 (50 mg kg^−1^ twice per day). This timeline is similar to that used in studies investigating chronic effects of antidepressant medications on hippocampal neurogenesis.^[@bib1],\ [@bib4],\ [@bib27]^ To block hippocampal neurogenesis, TMZ was administered prior to BrdU injections from stimulation days 3--5 (50 mg kg^−1^ per day).^[@bib21]^ This timeframe was based on previous reports^[@bib21]^ and chosen so that TMZ could affect DBS-induced BrdU+ cells that would be mature and ready to be recruited during behavioural tests (for example, 3--5 weeks later).^[@bib28]^

Behavioural tests
-----------------

Behavioural tests begun 4 weeks after electrode implantation (3 days after DBS offset) and took place over a 10-day-period in the following order: novelty-suppressed feeding (NSFT) on day 3, open field (OFT) on day 5, elevated plus maze (EPMT) on day 6 and forced swim test (FST) on days 8 and 9. This sequence was chosen so that animals were subjected to the more stressful paradigms at the end. In this study, we opted not to counterbalance the test order, as a large number of animals would have been required for a clear interpretation of behavioural findings. As in previous reports,^[@bib12]^ we chose not to deliver DBS during behavioural tests to avoid the confounding factor of stimulation on performance. In addition, as neurogenesis and an increase in BDNF are plastic events, we have reasoned that these lasting processes would outlast DBS offset.

### NSFT

Rats were initially food deprived for 48 h. During test day, they were placed in a chamber containing 12 chow pellets and the latency to initiate feeding was noted.

### OFT

Ambulatory activity while exploring an open chamber (total distance travelled) was recorded during 5 min.

### EPMT

Rats were allowed to explore the maze for 5 min, during which the frequency and time spent in the open and closed arms were assessed.

### FST

Rats were immersed in a cylinder filled with water for 15 min on day 1 and 5 min on day 2. During the latter session, immobility, swimming and climbing were timed.

While the FST is considered to be a screener of antidepressant-like therapies, the remainder tests assess anxiety-like behaviour. All are based on the fact that rats tend to explore novel environments. The OFT measures locomotor activity in an open arena. In the NSFT, the animals have to explore a novel environment to obtain a food reward in the middle of the apparatus. In the EPM, animals often prefer to remain in the closed arms of a maze placed at a certain height from the floor. An anxiolytic response is annotated when animals explore the open arms.

BDNF measurements
-----------------

Unperfused brains were removed, frozen over dry ice and stored at −80 °C. BDNF protein in the mPFC (prelimbic and infralimbic subregions) and hippocampus was quantified using an ELISA kit (Promega, Madison, WI, USA), according to manufacturer\'s instructions.

Histology and hippocampal neurogenesis
--------------------------------------

Animals were anaesthetised with ketamine/xylazine and transcardially perfused with PBS, followed by 4% paraformaldehyde. Brains were removed from the skull and post-fixed overnight. Free-floating 40-μm sections were cut on a cryostat and processed as previously described.^[@bib19]^ The following antibodies were used: primary- rat anti-BrdU (1:200; Axyl, Westbury, NY, USA), mouse anti-NeuN (1:1000, Millipore, Ontario, Canada), secondary-goat anti-rat Alexa Fluor 488 (1:200; Life Technology, Thermo Fisher Scientific, Ontario, Canada) and goat anti-mouse Rhodamine Red X (1:200; Jackson Lab, West Grove, PA, USA).

Cell counting was performed in the dentate gyrus granule cell layer and the 50-μm border along the hilar margin. Stained BrdU+ nuclei were scored in every sixth section throughout the rostrocaudal extent of the granule cell layer. All BrdU+ cells were counted bilaterally in each of the sections using a Nikon Eclipse E600 microscope and the average values for each animal were considered. For confocal microscopy, an Olympus Fluoview FV1200 microscope was used. In this study, we did not investigate subventricular neurogenesis, as this has not been affected by DBS in previous work.^[@bib21]^

Location of electrode tracks was confirmed with cresyl violet staining. Animals with misplaced electrodes or lost caps were excluded from the study.

Statistical analyses
--------------------

Initial behavioural and brain measures were analysed with two-way analysis of variance (ANOVA; least significant difference *post hoc*; DBS and stress as factors). Sequential sucrose preference data were analysed with repeated measures ANOVA (time and treatment groups as factors). In stressed and non-stressed animals, the effects of TMZ were assessed using two-way ANOVA (DBS and TMZ as factors). The relationship between neurochemical and behavioural scores was carried out with Pearson correlations and regression analyses. Percentage scores (comparisons between Stress, Stress+DBS and Stress+DBS+TMZ) were calculated as ((1−Stress DBS or Stress DBS TMZ/Stress) × 100). Sample size was estimated based on the efficacy of DBS in our previous behavioural studies using the CUS model.^[@bib12]^ Different batches of rats were used during different experiments. Animals perfused for histochemical analysis or non-perfused for measurement of BDNF levels were selected at random. Investigators blinded to the animals\' identification conducted behavioural scoring and neurochemical analyses.

Results
=======

As shown in [Table 1](#tbl1){ref-type="table"}, two-way ANOVA revealed significant interactions between DBS and stress in the sucrose preference test (SPT), NSFT, FST and EPM. In contrast, no DBS or Stress effects were found in the OFT.

Chronic DBS induces anxiolytic-, antidepressant- and antianhedonic-like effects in stressed rats
------------------------------------------------------------------------------------------------

### Stress effect

After the first few weeks of CUS, most measures of sucrose preference in stressed animals were significantly lower than in non-stressed controls (*P*\<0.01; [Figure 1](#fig1){ref-type="fig"}). In addition, stressed animals had a 160% increase in the latency to feed during the NSFT (*P*= 0.0005; [Figure 2a](#fig2){ref-type="fig"}), a 39% increase in immobility in the FST (*P*=0.007; [Figure 2b](#fig2){ref-type="fig"}) and a 72% decrease in the time spent in the open arms of an EPM (*P*=0.004; [Figure 2c](#fig2){ref-type="fig"}). Stressed animals also had a 27% decrease in locomotion in the OF but this difference did not reach statistical significance ([Figure 2d](#fig2){ref-type="fig"}). Taken together, these results suggest, to some extent, stress-affected behaviour in virtually every paradigm investigated in our study.

### DBS effects

In stressed animals receiving DBS, a significant increase in sucrose preference was noticed as early as the second week of treatment ([Figure 1](#fig1){ref-type="fig"}; *P*=0.01 as compared with the non-stimulated stressed controls). After 3 weeks of stimulation, sucrose preference in the CUS DBS group was significantly higher than in non-stimulated stressed controls (*P*=0.002; [Figure 1](#fig1){ref-type="fig"}). Besides this antianhedonic-like effect, vmPFC stimulation induced anxiolytic- and antidepressant-like responses. When compared with non-stimulated stressed animals, CUS DBS rats had a 45% decrease in the latency to feed in the NSFT (*P*=0.005; [Figure 2a](#fig2){ref-type="fig"}), 27% less immobility time in the FST (*P*=0.006; [Figure 2b](#fig2){ref-type="fig"}) and spent 188% more time in the open arms of the EPM (*P*=0.004; [Figure 2c](#fig2){ref-type="fig"}). In contrast, DBS did not influence stress-induced hypolocomotion in the OF ([Figure 2d](#fig2){ref-type="fig"}). The effects of DBS in non-stressed controls were not statistically significant.

Chronic DBS and neurogenesis
----------------------------

Two-way ANOVA revealed a significant treatment effect (F~(1,27)~=12.52; *P*=0.001) but no stress effect (F~(1,27)~=0.07; *P*=0.8) or a positive stress × DBS interaction (F~(1,27)~=1.21; *P*=0.3) on hippocampal neurogenesis. In stressed animals, chronic vmPFC DBS increased the number of BrdU+ cells by 45% (*P*=0.003; [Figure 3a](#fig3){ref-type="fig"}). In non-stressed controls, a 22% non-significant increase in hippocampal neurogenesis was seen after DBS. In all groups, \~80--90% of BrdU+ cells co-expressed NeuN, suggesting that these cells assumed a neuronal phenotype ([Figure 3b](#fig3){ref-type="fig"}).

To study whether a DBS-induced increase in neurogenesis could explain its behavioural effects, stressed animals given vmPFC stimulation were injected with TMZ. We found that this agent has only influenced behavioural performance in stressed rats given DBS, having no significant effects in the remainder groups ([Supplementary Figures 2--4](#sup1){ref-type="supplementary-material"}; [Supplementary Tables 2 and 3](#sup1){ref-type="supplementary-material"}). The most pronounced consequence of TMZ was to reverse a DBS improvement in performance during the NSFT. Compared with the Stress+DBS alone group, animals receiving Stress+DBS+TMZ had a significant increase in the latency to feed (*P*=0.02; [Figure 4a](#fig4){ref-type="fig"}). In contrast, TMZ did not significantly affect DBS-induced improvements in the SPT, FST and EPMT ([Figure 5](#fig5){ref-type="fig"}).

Cell counting revealed that TMZ has virtually reversed a stimulation-induced increase in BrdU+ cells in DBS-treated stressed rats (*P*=0.004; [Figure 4b](#fig4){ref-type="fig"}). In contrast to behavioural data, however, TMZ has significantly reduced the number of BrdU+ cells in Control and Control+DBS groups, while inducing a non-significant decrease in hippocampal neurogenesis in stressed animals ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). In the Stress+DBS+TMZ group, 82% of cells co-stained for NeuN.

In addition to group differences in behavioural performance, we have conducted correlation analyses to ascertain the potential relationship between neurogenesis and behavioural measures. When all animals undergoing stressed were considered together (that is, including groups receiving TMZ and/or DBS), a significant negative correlation was found between BrdU+ cell counts and latency to feed in the NSFT (*r*=−0.59, *P*=0.04; [Figure 4c](#fig4){ref-type="fig"}). In contrast, no significant correlation was found between the number of BrdU+ cells and sucrose preference, time in the open arms of the EPM and immobility time in the FST ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

In summary, our results suggest that the anxiolytic-like response of DBS in stressed animals undergoing the NSFT may be dependent on hippocampal neurogenesis (that is, animals with a higher number of BrdU+ cells have lower anxiety levels). This mechanism, however, does not seem to be responsible for the effects of DBS in the remainder tests.

BDNF
----

As stimulation-induced increases in neurogenesis could not explain most DBS effects, we have decided to investigate whether changes in BDNF, an additional substrate involved in chronic antidepressant responses, could be involved. Levels of this neurotrophin were measured in two different brain regions, the prefrontal cortex and hippocampus. In the former, a two-way ANOVA revealed a significant DBS effect (F~(1,18)~=4.61; *P*=0.05) but no effect of stress (F~(1,18)~=0.09; *P*=0.8) or a positive stress × DBS interaction (F~(1,18)~=1.9; *P*=0.2).

Though a somewhat similar pattern was observed in the vmPFC and hippocampus, with a lower magnitude of BDNF changes, results did not reach statistical significance (DBS effect F~(1,22)~=0.8, *P*=0.4; Stress effect F~(1,22)~=2.0, *P*=0.2; Interaction F~(1,22)~=3.7, *P*=0.07). In the PFC, a 22% non-significant decrease in BDNF levels was observed when stressed animals were compared with controls ([Figure 6a](#fig6){ref-type="fig"}). DBS reversed this deficit increasing PFC BDNF in stressed animals by 61% (*P*=0.02). In the hippocampus, BDNF levels were increased by 15% in stressed animals receiving DBS compared with their non-stimulation stressed mates (*P*=0.04; [Figure 6b](#fig6){ref-type="fig"}).

As for neurogenesis, correlation analyses were conducted to establish a potential relationship between neurotrophin levels in stressed animals and behavioural measures in the SPT, NSFT, EPT and FST. A significant positive correlation (*r*= 0.62, *P*= 0.05) and a trend towards significance (*r*= 0.59, *P*= 0.07) were found between sucrose preference scores and hippocampal or PFC BDNF levels, respectively ([Figures 6c and d](#fig6){ref-type="fig"}). In contrast, correlations between BDNF levels and latency to feed, time in the open arms of the EPM and immobility time in the FST were not found to be significant ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

In summary, our findings in stressed animals suggest that DBS induced an increase in PFC and hippocampal BDNF and that higher levels of this neurotrophin may be important for the reestablishment of sucrose preference after vmPFC stimulation.

Discussion
==========

The present results suggest that neuroplasticity-relevant changes, including neurogenesis and increases in BDNF, have a selective role in the beneficial effects of vmPFC stimulation. Overall, chronic DBS exerted robust anxiolytic, antianhedonic- and antidepressant-like activities and reversed various behavioural deficits induced by chronic stress. In parallel, DBS enhanced hippocampal neurogenesis and increased PFC and hippocampal BDNF. TMZ blocked neurogenesis and countered the attenuating action of DBS in the NSFT. Correlation analyses suggest that neuroplastic changes, including neurogenesis and possibly increases in BDNF, may be required for the anxiolytic- and antianhedonic-like effects of DBS but are not crucial for a broader antidepressant-like activity.

CUS induced behavioural deficits without significantly affecting neurogenesis
-----------------------------------------------------------------------------

CUS-exposed animals had significant reductions in sucrose preference without attenuating neurogenesis. This observation is consistent with those previously reported by Lee *et al.*,^[@bib29]^ who have shown that stress does not decrease cell proliferation in the dentate gyrus when BrdU is injected after CUS. Similarly, Airan *et al.*^[@bib30]^ used voltage-sensitive dye imaging to probe hippocampal activity and found that neither CUS was associated with downregulation of hippocampal neurogenesis nor that neurogenesis blockade induces depressive-like activity. In contrast, several reports have shown that CUS may induce decreases in both cell survival and proliferation.^[@bib31],\ [@bib32],\ [@bib33]^ Discrepancies between these results and ours may relate to differences in the type and intensity of stressors; the schedule, frequency and duration of exposures; sex and strain used; and the timing of BrdU administration.^[@bib32],\ [@bib34],\ [@bib35],\ [@bib36]^ In addition, a number of animal studies have determined that impaired neurogenesis does not consistently precipitate depressive-like behaviour.^[@bib37]^ With our protocol and BrdU injection timeline, CUS-exposed animals showed clear behavioural deficits but no reduction in neurogenesis.

CUS exposure induced a broad spectrum of behavioural deficits that were differentially affected by DBS
------------------------------------------------------------------------------------------------------

In addition to an anhedonia-like decline in sucrose preference, stressed animals displayed decreases in sucrose preference and immobility time in the FST and an increase in both latency to feed and time spent in the open arms of an EPM.

In this study, chronic vmPFC DBS followed a protocol previously used by our group.^[@bib12]^ In contrast to some of our previous reports, however,^[@bib10],\ [@bib11]^ we did not include a non-stimulated group (sham) with implanted electrodes. Based on earlier data, sham surgery does not seem to influence hippocampal neurogenesis, BDNF levels and behavioural readouts at long term.^[@bib12],\ [@bib18],\ [@bib19],\ [@bib38]^ In addition (and in contrast to our previous experiments), sucrose preference scores in the first post-operative week (that is, after the insertion of the electrodes and prior to DBS) were similar to those recorded before the surgery, suggesting that the mere insertion of electrodes into the target did not affect behavioural performance. Finally, the total number of animals used in our study was already elevated. Adding an additional control group with implanted electrodes would have increased this number by \~30--40%.

TMZ reduced neurogenesis but only blocked the effects of DBS in the NSFT
------------------------------------------------------------------------

The antineoplastic drug TMZ has been previously used to block neurogenesis.^[@bib21],\ [@bib24]^ We have chosen this agent rather than other neurogenesis ablative treatments (for example radiation, high doses of corticosterone) as it has been shown to decrease the number of BrdU+ cells in the dentate gyrus with minimal transient side effects (for example, leucopenia).^[@bib21],\ [@bib24]^ Here, TMZ was injected for 3 days during DBS days 3--5, 2 days prior to BrdU injections. This timeframe was based on previous reports in which rodents given DBS were treated with TMZ and injected with BrdU a few days later.^[@bib21]^ Newly formed cells are mature and incorporated into the hippocampal circuitry 3--6 weeks after birth.^[@bib21],\ [@bib28]^ Our rationale was for TMZ injected a few days after DBS to interfere with cells formed during the first few days of stimulation, that is, neurons that would be mature and functional by the time animals underwent behavioural testing.

Results from our study show that, in stressed animals, TMZ has practically reversed DBS-induced increases in neurogenesis. In behavioural tests, however, TMZ has only blocked the anxiolytic effects of DBS in the NSFT. These findings are in line with previous reports ascribing neurogenesis-dependent and independent mechanisms to conventional antidepressant treatments. Bessa *et al.*^[@bib39]^ reported that fluoxetine or imipramine retained their ability to reverse CUS-induced behavioural deficits in the SPT and FST when neurogenesis has been blocked by methylazoxymethanol. David *et al.*^[@bib3]^ found that hippocampal irradiation in mice given corticosterone reversed the anxiolytic effects of fluoxetine in the NSFT without affecting performance in the FST or OFT. Our results are in line with these findings inasmuch as TMZ reduced neurogenesis and reversed DBS effects in the NSFT but not in the FST.

A link between neurogenesis and performance in the NSFT is also supported by the observation that latency to feed in stressed animals was strongly correlated with BrdU cell counts. The possibility that this could have been due to the anxiolytic and neurogenic effects of DBS seems unlikely. As can be seen in [Figure 4](#fig4){ref-type="fig"}, correlation was not driven in a few animals only. Our analysis included rats receiving stress alone, Stress+TMZ, Stress+TMZ+DBS and Stress+DBS. While the latter had low latencies to eat, results in the remainder groups were fairly similar. This suggests that the observed correlation was not simply due to a DBS-induced effect on neurogenesis *per se*.

Despite the potential association between neurogenesis and NSFT scores, a few aspects remain unanswered. It is not clear, for example, why CUS-exposed and non-stressed animals had differences in NSFT scores but similar BrdU+ cell counts. In addition, if DBS induces neurogenesis in non-stressed controls, why did these animals not show an improvement in anxiety behaviour? One possibility is that animals in the non-stimulated control group may have reached a 'floor\', below which no improvement in performance is possible. Alternatively, it is conceivable that for the effects of neurogenesis to occur newly borne cells may need to interact with specific substrates that are present or absent after CUS to induce its behavioural effects (such as lower BDNF levels, altered serotonergic transmission and reduced synaptic spines). Future research is needed to clarify these issues.

BDNF
----

Previous studies have already suggested a link between increased BDNF and behavioural effects of DBS in CUS-exposed animals.^[@bib12],\ [@bib38]^ Here, we found that DBS significantly increased PFC BDNF, having a smaller effect on hippocampal levels of this neurotrophin. The more striking effects of DBS in the PFC suggest a stronger focal effect of this therapy. In addition, a significant negative correlation has been recorded between PFC and hippocampal BDNF levels and sucrose preference scores. This suggests that sucrose preference may be more closely related to BDNF levels, as previously described.^[@bib38]^

BDNF mediates changes in adult hippocampal neurogenesis and other forms of neuronal plasticity via TrkB (trpomyosin receptor kinase B) receptors.^[@bib40]^ Overall, this neurotrophin seems to be particularly important for cell proliferation and the differentiation of terminals in newly borne hippocampal neurons.^[@bib40],\ [@bib41]^ Mice lacking TrkB receptors have impaired neurogenesis and are behaviourally insensitive to antidepressant treatments.^[@bib42]^ In our study, stress had an effect on BDNF but did not decrease hippocampal neurogenesis. While DBS increased BDNF and neurogenesis in stressed rats, in non-stressed controls it only affected neurogenesis. This suggests that DBS effects on neurogenesis are likely multifactorial and not solely related to changes in neurotrophin levels.

In summary, our results indicate that DBS exerts multiple effects and counter most behavioural stress responses. Results also show that different behavioural effects may depend on the modulation of distinct substrates. In particular, neuroplastic changes, including neurogenesis and increases in BDNF, may be required for DBS improvements in behaviours with predominant anxiety-like and anhedonic-like components but are unlikely responsible for broader antidepressant-like responses to this therapy.
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![Response to DBS in the sucrose preference test. After baseline values were obtained, animals underwent 4 weeks of chronic unpredictable stress (CUS; week 3 was omitted for clarity). The post-operative measure was collected prior to DBS onset. vmPFC stimulation was delivered for 3 weeks from the second post-operative week. After surgery, a significant effect of treatment was found. On the second week of stimulation, sucrose preference in DBS-treated animals was significantly higher than in non-stimulated CUS rats. On DBS week 3, levels were similar to those recorded in non-stressed controls. ^\#\#^*P*\<0.01 stressed rats compared with non-stressed controls. \**P*=0.01, \*\**P*=0.002 stressed rats receiving DBS compared with non-stimulated stressed animals. Values are means and s.e. Group sizes are indicated in parenthesis. DBS, deep brain stimulation; vmPFC, ventromedial prefrontal cortex.](tp2015166f1){#fig1}

![DBS effects in the novelty-suppressed feeding test (NSFT), forced swim test (FST), elevated plus maze test (EPMT) and open field test (OFT). (**a**) In the NSFT, latency to feed was significantly higher in stressed animals as compared with non-stressed controls (*P*=0.0005). DBS applied to stressed animals reduced this latency to near control levels (*P*=0.005). (**b**) In the FST, stressed animals presented significantly more immobility than non-stressed controls (*P*=0.007). DBS applied to stressed animals reduced immobility (*P*=0.006). (**c**) In the EPMT, stressed rats spent significantly less time in the open arms (*P*=0.004 compared with non-stressed controls), an effect that was almost completely reversed by DBS (*P*=0.004). (**d**) Neither stress nor DBS induced significant locomotor changes in the OFT. \'\#\' indicates significant differences between stressed rats and non-stressed controls. \'\*\' indicates significant differences between stressed and Stress+DBS animals. Values are means and s.e. Group sizes are indicated in parenthesis. DBS, deep brain stimulation.](tp2015166f2){#fig2}

![Hippocampal neurogenesis. (**a**) In stressed animals, chronic DBS increased hippocampal neurogenesis by 45% (*P*=0.003). In non-stressed controls, a 22% non-significant increase in the number of BrdU+ cells was seen after DBS. (**b**) Approximately 80--90% of BrdU+ cells co-expressed NeuN, suggesting that these cells assumed a neuronal phenotype. (**c**) Photomicrographs of the hippocampal dentate gyrus illustrating BrdU+ cells (green) dispersed in the granule cell layer (NeuN in red). (**d**) Magnified view (single cells in the right bottom portion of each figure) showing that BrdU+ cells co-stained for NeuN. \'\*\' indicates significant difference between Stress+DBS and non-stimulated stressed animals. Values are means and s.e. Group sizes are indicated in parentheses. Horizontal bar in **c**, 200 μm. Horizontal bar in **d**, 30 μm. BrdU, 5-bromo-2′-deoxyuridine; DBS, deep brain stimulation.](tp2015166f3){#fig3}

![Temozolomide (TMZ), novelty-suppressed feeding and neurogenesis. (**a**) Effect of DBS and DBS TMZ in stressed animals calculated as percentage scores in relation to animals given stress alone. Animals receiving DBS had a significant decrease in the latency to feed, an effect that was practically blocked by TMZ (*P*=0.02). (**b**) Cell counting revealed that TMZ has virtually reversed a stimulation-induced increase in BrdU+ cells in DBS-treated stressed rats (*P*=0.004). (**c**) In addition to group differences in behavioural performance, a significant negative correlation was found between BrdU+ cell counts and latency to feed in the NSFT. (**d**) Photomicrographs of the hippocampal dentate gyrus illustrating BrdU+ cells (green) dispersed in the granule cell layer (NeuN in red). \'\*\' indicates significant difference between Stress+DBS and non-stimulated stressed animals. \'§\' indicates significant difference between Stress+DBS and Stress+DBS+TMZ. Values are means and s.e.. Group sizes are indicated in parentheses. Horizontal bar in **d**, 200 μm. BrdU, 5-bromo-2′-deoxyuridine; DBS, deep brain stimulation; NSFT, novelty-suppressed feeding test.](tp2015166f4){#fig4}

![Temozolomide (TMZ) and behaviour. No significant TMZ effects were observed in stressed animals receiving DBS in the (**a**) sucrose preference test, (**b**) forced swim test, (**c**) elevated plus maze or (**d**) open field test. \'\*\' indicates significant difference between Stress+DBS and non-stimulated stressed animals. Values are means and s.e. Group sizes are indicated in parentheses. DBS, deep brain stimulation.](tp2015166f5){#fig5}

![Brain-derived neurotrophic factor (BDNF). Levels of BDNF were measured in two different brain regions, the prefrontal cortex (PFC) and hippocampus. (**a**) In the PFC, a non-significant 22% decrease in BDNF levels was observed when stressed animals were compared with controls. DBS reversed this deficit increasing PFC BDNF by 61% (*P*= 0.02). (**b**) In the hippocampus, BDNF levels were increased by 15% in stressed animals receiving DBS (*P*=0.04). In both PFC (**c**) and hippocampus (**d**), a strong correlation was found between BDNF levels and sucrose preference scores. \'\*\' indicates significant difference between Stress+DBS and non-stimulated stressed animals. Values are means and s.e. Group sizes are indicated in parentheses. DBS, deep brain stimulation.](tp2015166f6){#fig6}

###### Two-way ANOVA comparing behavioural data (DBS and Stress as independent factors)

                                             *DBS*                     *Stress*                  *DBS × stress*
  -------------------------------- ------------------------- ---------------------------- -----------------------------
  NSFT                              F~(1,25)~=0.6; *P*=0.4    F~(1,25)~= 4.7; *P*= 0.04    F~(1,25)~= 10.6; *P*= 0.003
  FST                               F~(1,33)~=2.2; *P*=0.14    F~(1,33)~=2.6; *P*=0.11       F~(1,33)~=4.7; *P*=0.04
  EPMT                              F~(1,30)~=0.14; *P*=0.7     F~(1,30)~=2.6; *P*=0.1       F~(1,30)~=6.1; *P*=0.02
  OFT                               F~(1,25)~=1.2; *P*=0.3      F~(1,25)~=1.9; *P*=0.2       F~(1,25)~=0.3; *P*=0.5
                                                                                          
                                         *DBS effect*              *Stress effect*                *Time effect*
  SPI[a](#t1-fn2){ref-type="fn"}    F~(1.26)~=0.2; *P*=0.9    F~(1.26)~=48.2; *P*=0.0001     F~(1.26)~=0.3; *P*=0.8
                                                                                          
                                         *DBS × time*              *Stress × time*            *DBS × Stress × time*
  SPI[a](#t1-fn2){ref-type="fn"}    F~(3,78)~=1.1; *P*=0.3     F~(3,78)~=3.0; *P*=0.04      F~(3,78)~=3.8; *P*=0.014

Abbreviations: ANOVA, analysis of variance; DBS, deep brain stimulation; EPMT, elevated plus maze test; FST, forced swim test; NSFT, novelty-suppressed feeding test; OFT, open field test; SPI, sucrose preference index.

Sucrose preference scores were calculated with repeated measures ANOVA (DBS, Stress, Time as factors).
